Abstract: Leaf spots (LS) of wheat continue to be widespread in western Canada. Most registered cultivars do not have a good level of resistance, thus it is important to evaluate the impact of agronomic practices. This study examined LS severity of spring wheat in a cropping sequence trial under conservation tillage, and compared it to results from two other agronomic trials conducted under different environmental conditions in the same area two decades earlier. In the present study, wheat grown after fallow generally had lower LS severity than wheat grown after another wheat crop, regardless of the sequence, with wheat grown after non-cereals (crop or green manure) having among the lowest disease levels. In most cases there were no differences in disease within phases of each sequence. Grain yield was highest in wheat grown after fallow or green manure than in wheat grown after another wheat, regardless of the sequence. Some of these results were different than those reported from studies conducted before, under conventional or conservation tillage, in particular in regards to disease levels after a fallow year, and the frequency of Pyrenophora tritici-repentis and Phaeosphaeria nodorum. Climatic conditions in the years of the present study (2010)(2011)(2012)(2013) were different than when the previous studies were conducted (1993)(1994)(1995)(1996), especially in regards to temperatures over the previous fall/winter and precipitation in the growing season, which were all higher in the most recent period. How these differences might have affected the survival and reproduction of the LS pathogens, and disease development, are discussed.
Introduction
Leaf spots (LS) are widespread diseases of wheat (Triticum aestivum L.) crops in western Canada (Gilbert and Woods 2001; Fernandez et al. 2015) . Tan spot, caused by Pyrenophora tritici-repentis (Died.) Drechs.
[anamorph Drechslera tritici-repentis (Died.) Shoemaker], is the most common LS of wheat in Saskatchewan (Fernandez et al. 2015) . Other pathogens commonly found on wheat leaves in this region are those responsible for the septoria leaf blotch complex, namely Phaeosphaeria nodorum (E. Müll.) Hedjaroude , which causes spot blotch, could also be of importance depending on environmental conditions and location (Fernandez et al. 2009 (Fernandez et al. , 2016 .
Some of the spring wheat cultivars registered in western Canada have a LS rating of Good, but most are rated as Fair to Poor (Saskatchewan Ministry of Agriculture 2015). These diseases have a significant negative effect on grain yield and quality of common and durum wheat (Rees and Platz 1983; Fernandez et al. 2010) . However, impacts of LS can vary greatly among environments, and may even be less limiting to yield and quality than abiotic stresses (Wang et al. 2002) .
Given the widespread nature of LS in wheat in western Canada, it is of importance to determine the impact that agronomic practices might have on their development. Studies that have been conducted with this objective have revealed considerably more variation in the effects of crop rotation than tillage system on LS severity, likely attributed to the survival and reproduction of these pathogens in debris of host and nonhost plants being affected by region and weather conditions, among other factors. A higher severity of LS in spring wheat has been observed in Saskatchewan under monoculture cereal cropping systems than when wheat was grown in rotation with a non-cereal crop (Bailey et al. 1992; Pedersen and Hughes 1992) . Among studies aimed at determining how agronomic practices might impact LS development, some reported no effect of crop rotation, or that the effects were inconsistent in spring wheat grown in Saskatchewan (Bailey et al. 1992 (Bailey et al. , 2000 (Bailey et al. , 2001 Fernandez et al. 1999) , and winter wheat in Latvia (Bankina et al. 2015) . In southern Saskatchewan, Bailey et al. (2001) reported that increased cropping diversity reduced populations of M. graminicola and P. nodorum. In North Dakota, Krupinksy et al. (2004) observed that some crop types resulted in a lower severity of LS, caused mostly by P. tritici-repentis and P. nodorum, in the subsequently grown common wheat crop compared with wheat grown after another wheat crop, while in Montana, Lenssen et al. (2013) reported that common wheat had more LS caused by P. tritici-repentis and M. graminicola when alternated with fallow, with or without a barley (Hordeum vulgare L.) crop in the sequence, than when fallow was replaced with a pulse or an oilseed crop. In a wheat survey conducted in eastern Saskatchewan, Fernandez et al. (2009) showed that cropping sequence had a lower impact than tillage system on the percentage isolation of LS pathogens in common wheat, and thus it would be more difficult to effectively manage these pathogens in common wheat through crop rotation than through changes in tillage management.
Two studies examined the impact of agronomic practices on LS of spring wheat in the Brown soil zone of south-western Saskatchewan from 1993 to 1996, one looked at the impact of crop rotation and fertility under conventional tillage (Fernandez et al. 1998b ) while the other one looked at the impact of tillage intensity (Fernandez et al. 1999) . Both these studies showed that common wheat grown after a year of fallow had higher LS severity than wheat grown continuously, while Fernandez et al. (1998b) showed that a rotation with non-cereal crops resulted in lower LS severity compared with continuous wheat or wheat grown after fallow in years with high disease pressure. In addition to the two long-term agronomic trials on which the former studies were conducted, a crop rotation trial under conservation tillage was also established in 1987 at the Agriculture and Agri-Food Canada Research Centre at Swift Current, Saskatchewan, in close proximity to the above.
The objectives of the present cropping sequence study, conducted in 2010-2013, were to evaluate the influence of wheat crop type, legume green manure and cropping sequence under conservation tillage management on LS severity, relative prevalence of the causal fungi, and grain yield, and to further compare these observations to results obtained in the agronomic studies conducted in the same area under different environmental conditions two decades earlier.
Materials and Methods

Description and management of cropping sequence trial
The trial where the present study was conducted is located within 1 km from where the two previous agronomic studies were conducted at the Agriculture and Agri-Food Canada Research Centre at Swift Current, Saskatchewan (lat. 50.3°N, long. 107.7°W). The previous crop rotation (Fernandez et al. 1998b ) and tillage (Fernandez et al. 1999 ) studies will hereafter be referred to as "crop rotation-1993/1996" and "tillage-1993/1996 " studies, respectively.
The soil for all studies is an Orthic Brown Chernozem with a silt-loam texture, has an organic carbon and nitrogen (N) content of 18 and 1.8 g kg −1 (0-15 cm depth), respectively, and a surface pH in water paste of 6.5 (Lemke et al. 2012) . The main goal of this trial, established in 1987, was to investigate the effects of conservation tillage, cropping frequency, and legume green manure on crop quantity and quality, soil properties and economic returns (Zentner et al. 2003; Lemke et al. 2012) . In addition to conservation tillage methods, compared with the crop rotation-1993/1996 trial, the present trial also incorporated in-soil fertilizer placement, high yielding Canada Prairie Spring (CPS) wheat (HY) wheat in addition to Canada Western Red Spring (CWRS) wheat, improved snow management through the use of uniform tall stubble created by direct combining, and new crop sequences including the use of annual legume green manure (GM), which could be used as a partial fallow to increase N fertility while allowing some water conservation (Table 1) . Six of the cropping sequence treatments evaluated in this study have undergone only minor modifications since 1987, while a more diverse wheat-canola (Brassica napus L.)-wheat-pea (Pea sativum L.) sequence (W-C-W-P) was established in 2006 (Table 1) . There are two continuous wheat treatments, one with monoculture regardless of moisture conditions (ContW), and another one with monoculture but fallow if available soil water in spring is <7.5 cm (ContW-if moist). In the 10 yr prior to the present LS evaluation, the continuous wheat plots had been fallowed only in 2008 due to inadequate spring soil water. All phases of each cropping sequence are present every year and each sequence is cycled on its assigned plots. Treatments are arranged in a randomized complete block design with three replicates. Plot size is 15 m by 45 m.
The wheat cultivars were the CWRS Lillian and the CPS AC Vista. Lillian was categorized as "Good" (G) for LS in the Varieties of Grain Crops (2013) publication, and was shown to have a low LS reaction relative to some other cultivars in the same quality class (Fernandez et al. 2014) , while AC Vista was categorized as having a "Poor" (P) reaction to LS. For the W-C-W-P sequence, the canola cultivars used were VT Barrier (2010 , 2011 ) and Invigor 5440 Hybrid (2012 , while the pea cultivars were Eclipse (2010 ) and CDC Meadow (2011 . In all 4 yr, the legume used in the GM-W-W sequence was Indianhead black lentil (Lens culinaris Medikus).
Wheat Throughout the 4 yr, canola crops were planted from the first to the second week of May and harvested from the third week of August to early September, while the pea crops were planted from late April to mid-May and harvested from early to late August. All wheat crops were fertilized with N (urea fertilizer) based on nitrate levels (0-60 cm) determined from soil samples taken the previous fall, and with phosphorus (P) fertilizer. The N fertilizer was side-banded and the P fertilizer was placed with the seed. Application rates (1988) and contributed 9.6 kg P ha −1 and about 5 kg N ha −1 per application, which was included in the calculation of N rates. An N credit for wheat grown after GM was calculated by adding to the soil test NO 3 -N an amount equal to 20% of the N measured in the above-ground legume biomass of the previous year. An N credit was also given to the wheat grown after the pea crop in the W-C-W-P sequence, equivalent to 0.5% of the prior year's pea seed-N yield.
Crops were planted without seedbed preparation using a no-till hoe drill (17.8 cm row spacing). Wheat and canola seed were treated with a fungicide, and canola with an insecticide, while the lentil and pea seed were treated with peat-based inoculants of Rhizobium leguminosarum. In most years, glyphosate was applied as a pre-seed burnoff. Wheat received in-crop weed control each year using recommended rates of diclofop methyl, fenoxaprop-p-ethyl, and bromoxynil and MCPA, alone or in combination (Saskatchewan Agriculture and Food 1994) . Canola received glyphosate applied in-crop, while pea received imazamox plus imazethapyr. The GM treatment received no herbicide.
All crops were harvested at maturity using a direct cut header combine leaving the stubble as high as possible (about >30 cm) to enhance overwinter snow trapping and soil water conservation. The remaining crop residues were chopped and uniformly spread across the plots using straw and chaff spreader attachments. The GM crop was turned down in early July to reduce soil moisture depletion using a wide V-blade cultivator or disc, so that about 30% of the biomass was buried, with any subsequent weed growth controlled with a wide V-blade cultivator. Weeds in the fallow plots were controlled with only herbicides, applied in early June using tank mixes of glyphosate plus dicamba and 2,4-D amine. All plots received 2,4-D ester in the fall to control winter annual broadleaf weeds.
Weather parameters
Precipitation (mm), minimum and maximum air temperature and soil temperature (°C) were recorded daily throughout the year at a meteorological station in close proximity to this trial (Table 2) . Soil temperature was recorded at a depth of 5 cm.
Disease rating and sampling
From 2010 to 2013, LS symptoms were assessed at the milk stage (Zadoks' growth stage 74 to 77 [Zadoks et al. 1974] ), using McFadden's scale from 0 to 11 (McFadden 1991) . The scores were based on a random assessment of 50 plants from each plot conducted in the middle of the plots.
Flag leaves collected at random from each plot were air dried and stored at room temperature for up to 2 mo. Lesioned tissue from 25 leaves was placed on water agar after being surface-disinfested in 0.6% NaOCl for 60 s, followed by rinses in sterile distilled water (Fernandez et al. 2009 ). After 7 d of incubation under near-UV lights (12 h light at 22°C, 12 h dark at 15°C), fungi were identified under the microscope by the morphology of the sexual and asexual reproductive structures. Relative percentage isolation of each fungus was based on the total leaf area colonized by all LS pathogens.
Statistical analysis
The effects of crop sequences on the variables examined in this study were analyzed with the PROC MIXED procedure of SAS (Littell et al. 1998 ) with the REML option for each year and 4 yr combined, and with cropping sequence fixed and replications and years random. A homogeneity of variance test was conducted using the Levene's method (Levene 1960) . If the errors were heterogeneous, a REPEATED statement was used for combined analysis to specify a GROUP effect of years. Pairwise comparisons were carried out using the Tukey-Kramer method. Group comparisons were done by ESTIMATE statements in PROC MIXED. The latter comparisons were conducted with the CWRS wheat cropping sequences only. Principal components analysis (Yeater et al. 2015 ) was used to determine how LS and grain yield responded to treatments and weather conditions (precipitation and degree days). The relative importance of each principal component was calculated by the proportion of variance attributed to its eigenvalue vs. the proportion attributed to the eigenvalues for all principal components. Contributions of LS, grain yield and weather factors to important principal components were also compared by their eigenvectors.
Results and Discussion
Weather conditions from fall of 2009 to end of the 2013 growing season Table 2 shows precipitation, maximum and minimum air temperatures, and soil temperatures post-harvest of the crops the year prior to the start of the 1993-1996 and 2010-2013 studies to the end of the growing season of the final year of each study, and the long-term means for each of the variables. Comparison of mean air maximum temperatures in the fall and winter previous to each of the growing seasons between the 1993-1996 and 2010-2013 periods showed that for most months the latter was warmer. In particular, for the coldest months of December to February, the mean maximum temperature was −7.1°C for 1992-1996 and −5. (−6.7°C for 1992-1996, −5.2°C for 2009-2013) . Compared with the long-term means, maximum temperatures tended to be lower in either time period during the growing season, while minimum temperatures in the same months and across the year tended to be higher, suggesting a moderation of high and low temperatures in the two time periods. Mean soil temperatures also tended to be lower in either time period in the spring and summer than the long-term means. For total annual precipitation, overall it was wetter in 2010-2013 than in 1993-1996, with 2010 being the wettest month. Precipitation in the growing season, especially May and June, was greater in 2010-2013 than in 1993-1996, with total amounts for each of the spring and summer months being more similar to the long-term means in the 1993-1996 than the 2010-2013 period.
The differences in mean air temperatures between 2009-2013 and two decades earlier (1992) (1993) (1994) (1995) (1996) agree with predictions made by Cutforth (2000) . He reported that average annual maximum and minimum air temperatures had increased since 1950 to the late 1990s, with the majority of this increase attributed to large increases in the seasonal average maximum and minimum air temperatures for January through April, with a much smaller increase in minimum temperatures occurring for May through August. However, he also reported that annual precipitation amounts did not change in the same time period, with the proportion of winter precipitation from January to April continually decreasing since 1950. These observations were confirmed by Cutforth and Judiesch (2012) after adding another 10 yr to their weather analysis. They reported that in southwestern Saskatchewan, annual and seasonal average temperatures continued to increase at essentially the same rates for 1950-2007 as found previously for 1950-1997, with the January to April period continuing to experience the largest warming trend. The weather data for 2009-2013 compared with the 1992-1996 period indicate that the warming trend in the winter months (January to March) continued in this region and thus support Cutforth (2000) 's predictions based on his analysis of 50 yr of data. However, the years when the present study was conducted (2010-2013) also had overall higher precipitation levels, particularly in early summer, May and June, than the 1993-1996 period (Table 2) .
Grain yields of wheat in cropping sequence treatments
The cropping sequence × year interaction for yield was not significant (P > 0.05), therefore all years were analyzed together. The year and cropping sequence effects were significant (P < 0.01). Mean grain yield for all crop sequences was highest in 2011 (3224 kg ha . Overall, for all 4 yr combined, mean yield of all wheat crops within each sequence was higher for F-HY-HY, GM-W-W, and W-C-W-P than for the sequences that had a greater frequency of wheat, i.e. F-W-W-W and the two continuous wheat treatments (Table 3) . Combined yields of the CPS wheat in F-HY-HY were higher than for the CWRS wheat in the same sequence length (F-W-W) by 23%, which is similar to what was reported by Zentner et al. (2003) for the first 12 yr (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) of this trial. The cropping sequence phases × year interaction was significant (P < 0.01) for grain yield, therefore the 4 yr were analyzed separately. This analysis showed that 2010 was the only year when there was no significant difference in yield among phases (Table 3) . For the other years, yield was highest for the CPS wheat grown after fallow, and for the CWRS wheat grown after GM, and consistently lowest in wheat after wheat in the sequences involving fallow, and in continuous wheat. On average, yield was 24%, 21%, and 17% lower in wheat after wheat than in wheat after fallow or GM, in the F-HY-HY, F-W-W, and GM-W-W sequences, respectively. In addition, CWRS wheat grown after another wheat crop had similar yields in all sequences, including continuous wheat, throughout the 3 yr. Our observations are similar to the first 12 yr of this trial, where wheat on stubble yielded about 25% less than wheat on fallow (Lemke et al. 2012) , and are also similar to the 1987-2011 period when yields tended to decrease with cropping intensity, but stubble yields of wheat were not affected by cropping frequency (Kröbel et al. (2014) . However, in contrast to the latter, in the present study the second year of wheat after GM had yields that were more similar to CWRS wheat grown after fallow, or in rotation with canola and pea crops (W-C-W-P). The higher yield of wheat grown on fallow than on stubble was attributed by Kröbel et al. (2014) to the extra water conserved and N mineralized during the fallow period, factors that would have also affected the yield of wheat grown after GM. The tendency for yields to be lower in the second than the first year of wheat after GM would agree with the conclusion by Angus et al. (2015) that for different break-crop species grown to maturity, the positive effect on the yield of the second wheat crop was less than on the first. In the present study, the similar yields of wheat in the second year after GM to the yields of wheat grown immediately after pea or canola, could be attributed to any residual water and N effects in the GM cropping sequence, in addition to any non-N factors 
LSMeans grain yield (kg ha ( Angus et al. 2015) . The latter might also be present after pea or canola in the W-C-W-P sequence, but would not be a factor in any of the other stubble wheat crops. Higher yields in wheat after fallow than after another wheat crop agrees with results from the crop rotation-1993/ 1996 study; however, the yield of wheat after a lentil crop in the latter study varied across years. In addition, this difference in yield between wheat grown after fallow and wheat grown after another wheat crop appears to be true regardless of tillage intensity. In the tillage-1993/ 1996 study, there were higher grain yields for wheat grown after fallow than for continuous wheat, either under conventional or zero-tillage.
Leaf spotting severity in wheat among cropping sequences
Throughout the 4 yr of the present study, LS severity at the milk stage for individual plots ranged from 7 (trace to 1% of flag leaf area covered with spots, and 6%-10% of penultimate leaves) to 11 (26%-50% of flag, >50% of penultimate). Severity of LS on lower leaves was >50% in all cases.
There was a significant cropping sequence × year interaction (P < 0.01) for mean LS ratings, therefore the disease severity data were assessed separately by year. In each of the 4 yr, there was a significant (P < 0.01) difference in disease severity among cropping sequences (averaged over all phases). The CPS wheat had Leaf spot scores at milk stage, based on a scale of 0 to 11. consistently higher LS levels than the CWRS wheat in the same crop sequence length (F-HY-HY vs. F-W-W) (Table 4) . Overall, mean LS severity was highest in 2010 (9.6), followed by 2011 (9.2), 2012 (8.6), with 2013 having the lowest mean values (8.2) for all treatments combined, with means being somewhat lower for the treatments with CWRS wheat only. For the 4 yr combined, the average LS severity for the sequences with CWRS wheat (8.7) is similar to that observed in the crop rotation-1993/ 1996 study (8.6), even though the latter included the cultivar Lancer which is moderately susceptible to LS (Fernandez personal observations) in contrast to Lillian, the cultivar used in the present study, which has a higher level of resistance to LS (Saskatchewan Ministry of Agriculture 2013; Fernandez et al. 2014) .
Results of the principal component analysis showed that the first three principal components had proportions of variance from the eigenvalues of 0.44, 0.35, and 0.15, respectively, thus accounting for 94% of the total variance over the 4 yr of the study. Precipitation had the greatest contribution to the first principal component (0.69), followed by LS (0.62), indicating that disease severity responded strongly to precipitation (Fig. 1) .
In addition to the more favourable environmental conditions for disease development in 2010-2013 than in 1993-1996 (Table 2) , the higher than expected mean LS severity in the CWRS Lillian in the present study could also be explained by the greater amounts of crop residues on the ground than in the crop rotation-1993/ 1996 study under conventional tillage, but which would have been more similar to the zero-till treatment in the tillage-1993/1996 trial where the overall LS severity was higher than in the latter. However, in the tillage-1993/ 1996 study there was no significant difference in mean LS severity between tillage treatments in either F-W or wheat monoculture. This was attributed to factors such as the higher density of pseudothecia of P. tritici-repentis in crop residues in the conventional system and the greater layering of residues under zero-till (Fernandez et al. 1999) . Furthermore, the present trial is also being managed with tall stubble, which would have increased available water and reduced evapotranspiration (Kröbel et al. 2014) . These environmental and management factors likely contributed not only to high grain yields but also to greater amounts of pathogen inoculum resulting in more LS than expected based on the LS resistance of Lillian.
There were more and larger differences in LS among cropping sequences in 2010 and 2011 when overall disease levels were higher than in 2012 or 2013 (Table 4) . In most cases, the combined wheat crops in the F-W-W or F-W-W-W sequences had a similar mean LS severity than the wheat monocultures, while wheat crops in sequences that included non-cereals as GM or crops (GM-W-W and W-C-W-P) had a similar or lower mean disease severity than the rest of the other sequences.
The interaction of cropping sequence phase × year was also significant (P < 0.01) for LS, therefore each year was analyzed separately. In most cases, there were no significant differences among phases within each sequence, with the exception of F-W-W and F-W-W-W where wheat after fallow had mostly a numerically lower LS rating than wheat after another wheat crop in the same sequence; however, in most cases this difference was not significant (Table 4) . Wheat grown right after a pulse (GM or pea crop) consistently had among the lowest mean disease severities of all phases.
According to one degree of freedom contrasts performed only on the cropping sequences with CWRS wheat, in most years there was a significantly lower LS severity when wheat was grown after fallow than when grown after another wheat crop in the same sequences (Table 4 ). In addition, wheat grown after fallow had a lower mean LS severity than wheat after wheat in all cropping sequences, including continuous wheat, in 2012 and 2013 which were the years with the lowest overall LS levels. In most cases, wheat grown after another wheat crop in the sequences that included fallow or GM had a similar disease severity as when grown in monoculture, while wheat grown immediately after a noncereal (a crop or GM) had a lower LS severity than when grown after fallow in 2010 and 2011, the years with the greatest disease pressure.
These observations suggest that in general wheat grown after another wheat crop has similar LS severity regardless of the frequency of the wheat crop or cropping sequence, and that lower disease levels can be achieved most consistently by growing wheat after a non-cereal crop, GM or fallow. In the crop rotation-1993/ 1996 study, the severity of LS in wheat grown after a lentil or flax (Linum usitatissimum L.) crop was lower than in wheat after wheat in rotation with fallow in years when the overall disease severity was the highest. Similar to the present observations, in the crop rotation-1993/1996 study wheat after another wheat crop following a year of fallow (F-W-W) had a similar LS severity as continuous wheat. However, in contrast to our observations in the present study, they reported that wheat grown immediately after fallow in the F-W and F-W-W sequences had in most cases a greater severity of LS than continuous wheat, and that in two of the 4 yr of their study, wheat after fallow had a greater disease severity than wheat after another wheat crop in the F-W-W sequence. Similarly, in the tillage-1993/1996 study, wheat alternated with fallow (F-W) had higher LS levels than continuous wheat, regardless of tillage intensity, with these differences being more pronounced in dry years. In other studies conducted in eastern Saskatchewan, spring wheat grown after fallow had a similar LS rating as continuous wheat (Bailey et al. 1992) .
Lower LS levels in wheat after a pulse (GM or crop) might be explained, at least partly, by the observed impact that N levels have on this disease, as reported for the crop rotation-1993/1996 study. The greater N levels after GM or a pulse crop, together with other factors associated with break crops (Angus et al. 2015) , and the more favourable environment for residue decomposition, likely resulted in the rather consistent impact of a previous non-cereal on LS on wheat.
Similarly, higher N levels (from mineralization and higher N input in the spring) would have also contributed to the lower LS severity in wheat grown after fallow than in wheat following another wheat crop, even in the same sequences. In addition, higher levels of available water in the wheat crops grown after fallow would have also contributed not only to higher grain yields (Kröbel et al. 2014 ) but also to lower LS levels due to healthier plants which would have stayed green the longest. Compared with the 1993/1996 studies, available water for the wheat grown after fallow would have been greater in the present study due to the inclusion of conservation tillage practices with tall stubble, although this greater water availability might not have been as important as in years with less moisture in the spring. However, given that the present study and the 1993/ 1996 studies had the same N target for plots in the spring, differences in N fertility between wheat after fallow and wheat after another wheat crop would have been the same in the present study as in the 1993/1996 studies when LS severity was reported to be higher after fallow than after another wheat crop.
Effect of cropping sequences on the causal agents of LS of wheat Overall, P. tritici-repentis and P. nodorum were the most commonly isolated pathogens from LS lesions, with mean isolations over the four years of 46% and 49%, respectively. The frequency of P. nodorum relative to that of P. tritici-repentis is higher than in previous studies in this and other regions of Saskatchewan (Fernandez et al. 1998b (Fernandez et al. , 2009 ). These fungi were followed by M. graminicola, P. avenaria, and C. sativus at <5% each.
Fungi isolated at <1% included Pyrenophora teres Dreschler, Pseudoseptoria sp., and F. avenaceum (Fr.: Fr.) Sacc.
Analysis of percentage isolation of P. tritici-repentis and P. nodorum showed that the cropping sequence × year, and cropping sequence phase × year, interactions were not significant (P > 0.05), while cropping sequence and years were significant (P < 0.01) for both pathogens. The year 2011 appeared to be most favourable for P. nodorum (Table 5 ). The lower relative isolation of this pathogen in 2010 might be attributed to lower maximum temperatures in the growing season, particularly in May ( Table 2 ). The frequency of P. nodorum was correlated with precipitation and high temperatures in Saskatchewan (Fernandez et al. 2016) and Manitoba (Gilbert et al. 1998) .
In regards to cropping sequences (averaged over all phases), the CPS wheat had a greater percentage isolation of P. tritici-repentis, and a lower isolation of P. nodorum, than the CWRS wheat (Table 5 ). Isolation of P. tritici-repentis was greater in the F-W-W sequence than in the wheat monocultures, or the GM-W-W sequence. In contrast, P. nodorum was present at relative higher levels in the monocultures than in F-W-W or W-C-W-P. The observation that there was no significant difference among phases within each of the sequences for either pathogen is likely due to the persistence of fungal inoculum on crop residues from one year to the next which would not result in major differences among phases, especially for the short rotations included in this trial.
One degree of freedom contrasts done on the CWRS wheat showed that overall wheat after fallow had a similar percentage isolation of P. tritici-repentis than wheat after wheat in the same sequences, or a greater isolation of this pathogen than wheat after wheat in all sequences combined, while P. nodorum was isolated least frequently from wheat after fallow (Table 5) . Monoculture wheat had a lower isolation of P. tritici-repentis than wheat after wheat in the sequences that included fallow or GM, while P. nodorum was most frequently isolated from continuous wheat relative to wheat after wheat in the other sequences. There was no difference in the relative percentage isolation of either pathogen between wheat after fallow and wheat after a non-cereal, either as GM or a crop.
Some of the above-mentioned results showing that P. tritici-repentis was favoured by a cropping practice other than monoculture, and that its frequency of isolation when following fallow was similar as when it followed another wheat crop in the same sequence are different from those reported for the crop rotation-1993/1996 study. In the latter, wheat after fallow had a significantly greater proportion of P. tritici-repentis than the following wheat in the same F-W-W sequence, while wheat after a non-cereal had a lower level of this pathogen than continuous wheat. In the tillage-1993/1996 study, wheat grown after fallow had a higher severity of LS mostly caused by P. tritici-repentis than continuous wheat, regardless of the tillage method.
Factors that might have been associated with different disease levels, and percentage pathogen isolation, among cropping sequences in this study compared with the 1993/1996 studies might be related to changes in weather conditions. In the tillage-1993/1996 study, 2-yr old crop residues in both the intensive and zero-till treatments had a higher density of pseudothecia of P. triticirepentis than residues from the previous year. This was attributed to the low temperatures and humidities over the winter which would not have been conducive to the development of reproductive structures of this pathogen on crop residues from harvest to planting of the next wheat crop in the spring (Summerell and Burgess 1988) . In the present study, the greater disease severity in wheat after another wheat crop than after fallow, both with similar relative levels of P. tritici-repentis on the affected leaves, might be attributed, at least partly, to higher previous fall/winter air and soil temperatures in 2009-2013 than in 1992-1996 (Table 2 ). The somewhat more favourable temperatures for development of reproductive structures of P. tritici-repentis in crop residues in the fall/winter months after harvest, in addition to the wetter conditions in the growing season in the 2010-2013 period which would have facilitated more residue decomposition in the fallow year, might have resulted in greater sexual and asexual inoculum of this pathogen on 1-yr than 2-yr old residues. It is also expected that the greater amounts (and height) of crop residues standing and on the ground in the present study than in the 1993/1996 studies would have also helped to decrease wind speeds, and increase the temperature and relative humidity around them under snow cover during fall/winter (Aase and Siddoway 1980; Malhi et al. 1992) . However, the density of P. tritici-repentis reproductive structures on residues in the various cropping sequences and phases was not measured in the present study.
The observation that wheat monoculture had similar levels of LS than wheat in the other cropping sequences but lower isolation of P. tritici-repentis might also be explained by the higher levels of P. nodorum. Reproductive structures of the latter were also found in the residues of the previous crop earlier than those of P. tritici-repentis (Fernandez et al. 1999) . Based on the negative impact of low N levels on LS (Fernandez et al. 1998b ), the consistent lower N input in the monocultures over the years compared with wheat after fallow might have also contributed to more disease in the former.
In a LS survey of commercial fields of common wheat conducted in a different soil zone in eastern Saskatchewan, Fernandez et al. (2009) concluded that the increase in P. tritici-repentis infections in reduced tillage systems could be mitigated by the use of a rotation with non-cereal crops, especially for two consecutive years, before another wheat crop is grown. In the present study under conservation tillage, although differences in LS among cropping sequences, and phases within them, were not pronounced and (or) consistent, our observations that P. nodorum was more frequent in continuous wheat suggests that a break with fallow or non-cereals (crop or GM) might help to lower infections by this pathogen and thus disease levels in years with higher than average moisture levels.
Because of its greater susceptibility to LS caused by P. tritici-repentis, cultivars such as the CPS AC Vista would likely have a more marked response to changes in cropping sequences than more resistant cultivars such as the CWRS Lillian. However, under the conservation tillage methods used in this trial, which are known to increase levels of P. tritici-repentis, a cultivar with resistance to this pathogen might help to prevent not only yield losses, but the potential development of red smudge in kernels, caused also by P. tritici-repentis (Fernandez et al. 1998a) .
In the present study, besides factors associated with changes in crop management, variations in climate appeared to have affected the impact of cropping sequences on LS severity in wheat compared with studies conducted two decades earlier under drier conditions. This was especially so in regards to changes in the impact of a previous year of fallow on P. tritici-repentis infections, and a greater impact of P. nodorum. However, because of the various soil and crop factors affecting grain productivity besides the higher than expected LS levels observed in the CWRS cultivar used in this study, it would not be possible to conclusively attribute any yield differences to a direct effect of this disease, whose overall severity was low to moderate. Although a LS wheat survey in eastern Saskatchewan (Fernandez et al. 2009 ) and a study with near-isogenic durum wheat lines in southwestern Saskatchewan (Fernandez et al. 2010) provided evidence that LS had a negative impact on grain yield, other biotic factors not examined in this study, such as root rot, might also negatively impact wheat growth in different rotations (Fernandez and Zentner 2005) . The results from the present study showed that because of expected direct and indirect effects of the environment on wheat growth and LS development, in addition to effects related to changes in crop management, a re-examination of the impact of agronomic practices on this disease complex was warranted because of recent marked climatic changes in the region.
